The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. The capability of the Neyman-Scott clustered stochastic point process model of rainfall to preserve various observed statistics is considered. Randomization of the cell duration parameter from storm to storm is shown to considerably improve the wet-dry period, joint distribution, and extreme value statistics. A simple procedure for parameter estimation is introduced and applied.
INTRODUCTION
Stochastic processes consisting of point events occurring in time and having characteristics derived from sampling probability density functions are becoming well-established in hydrology. In particular, point process representations of rainfall occurrences have been used to drive various physically based models of basin storage and fluxes [Eagleson, 1978] . The sensitivity of these storages and fluxes to the temporal structure of the precipitation input has been wellestablished [e.g., Eagleson, 1978] . This sensitivity raises an important practical qu•/stion. Do these models, fitted to cumulative precipitation data at one level of aggregation (say, daily), faithfully reproduce the statistics of the temporal structure at other important levels of aggregation (say, hourly)? The answer is that some models only perform well at the scale of aggregation for which they were constructed but other models will preserve the main statistical characteristics of the rainfall process over a relatively wide range of aggregation levels [Rodriguez-Iturbe et al., 1984 .
Models which are capable of an adequate representation of the rainfall process at a point through a range of temporal scales of aggregation are based on a clustered point process Rodriguez-Iturbe et al. [1987, 1988] (hereafter referred to as RCI (1987, 1988) , studied in detail the characteristics of both the Neyman-Scott rectangular pulses process and the Bartlett-Lewis rectangular pulses process. The difference between the two is relatively subtle and it is very unlikely that empirical analysis of data can be used to choose between them. It was observed by RCI (1987) that both models are capable of preserving a number of the statistical characteristics of rainfall data at different levels of aggregation without changing the model parameters. Nevertheless, it was noticed that both models severely overestimate the probability of observed dry periods when those periods were above several hours. The implications of this for infiltration studies and for other hydrologic considerations such as rainfall runoff transformations is serious, since there can be a major difference in the runoff output when the period with no rainfall is varied.
The original versions of the cluster-based models considered rectangular cells whose stochastic description was invariant throughout the storm events. In other words, the duration of the cells, the intensity of the cells and the number of cells came from distribution functions whose parameters were the same for all storms. A modified version of the Bartlett-Lewis rectangular pulses model was developed by RCI (1988). Their modification allows for different structural characteristics among the different storms and is capable of representing a large variety of statistical characteristics of the rainfall process at different levels of aggregation including the probability of dry periods and other related properties. Similar changes to the Neyman-Scott rectangular pulses model are introduced in this paper.
A practical feature of the models described above is the efficiency of their parameter estimation procedures. Sensitivity analyses and empirical verification of such models require the repeated estimation of parameter sets based on different historical statistics estimated at different levels of aggregation. For this reason a simplified solution procedure to the set of nonlinear equations is introduced here with satisfactory convergence behavior.
MODIFIED

NEYMAN-SCOTT RECTANGULAR PULSES MODEL
The Neyman-Scott rectangular pulses rainfall model introduced by RCI (1987) is a particular form of a clustered point process. There are storm origins that arive in a Poisson manner with parameter A. With each storm are associated a In order to be able to equate the second-order properties of this process with those measured by standard rainfall gages, it is necessary to integrate the intensity process. The result Y of this aggregation over an arbitrary time period r defines the rainfall depth process. As given by RCI (1987) the second-order properties of the aggregated original NeymanScott rectangular pulses process Yi(r), the cumulative rain- One major shortcoming of the original Neyman-Scott rectangular pulses model outlined above is its inability to preserve the proportions of dry or wet periods especially on the scale of several hours to several days (RCI, 1987). Clearly, the one factor that controls the duration of precipitation and hence wet and dry runs is the inverse mean cell duration r/. By introducing structural interstorm variability in r/we seek greater physical realism and a more accurate preservation of historical fractions of wet periods. Elimination of the current overestimation of dry windows in the simulated series will improve the estimates of critical dependent hydrologic variables such as basin runoff and evaporation. This change leads to the modified Neyman-Scott A very interesting feature of the cluster-based rectangular pulses models with random r/is that for values of a < 2 the processes become asymptotically second-order self-similar (RCI, 1988) . This means that for large periods of aggregation the correlation structure converges to the correlation structure of the aggregated fractional noise process. The validity or lack of validity of this kind of behavior in temporal rainfall data aggregated for intervals between 1 hour and 1 month is The parameters of the probability distribution functions governing the clustered Poisson-based models are estimated by equating their analytical moments with the moments estimated from historical precipitation time series. Equations (1)-(3) and (7) 
where 0 is the null vector. Equation (19) defines a system of n nonlinear simultaneous equations in n unknowns. Multivariate Newton-Raphson solution of (19) requires the repeated inversion of Jacobian matrices. This approach and its modified versions that bypass the inversion requirement at every iteration are highly sensitive to the initial estimates of v. They rarely converge and thus present an unreliable approach to the systematic estimation of parameters.
The alternative is to estimate v by minimizing the sum of squared differences in (19). The components must be normalized so that the minimization is not biased toward preferentially selecting the larger magnitude components.
For this, we define the diagonal matrices • = diag (i') and F(v) = diag [f(v)]. The minimization now becomes min z = trace {(I -F(v)•-•)2} (20)
Equation ( (20) is applied to the original Neyman-Scott rectangular pulses model for three different sets (a, b, and c) of five equations representing combinations of hourly mean, variance and lag-one autocorrelation and either the 6-, 12-, or 24-hourly variance and lag-one autocorrelation (see Table  3 ). The five equations in each case are simultaneously satisfied for their historical values and three sets of the five model parameters are defined. Similar estimation of v is performed for the modified Neyman-Scott rectangular pulses model (equations (7)- (9)). There are six parameters in this case one of which is the probability distribution shape parameter a. If one is willing to guess the shape of the distribution, a may be set a priori at a constant value whereupon the modified and original Neyman-Scott rectangular pulses models will have the same number of parameters. In this experiment, the shape parameter is allowed to vary freely. The resulting parameter sets for both models are summarized in Table 4 .
With these parameter sets, the moments are computed for both models according to (1)-(3) and (7)-(9), respectively, as a check on the goodness of fit. These values are given in Tables 5a, 5b, and 5c for the original Neyman-Scott model and in Tables 6a, 6b , and 6c for the modified version. Their agreement with the historical statistics given in Table 1 is good, indicating close satisfaction of (19). Two further observations are in order: (1) the values of the probability distribution parameters remain nearly the same regardless of which of the three constraint vectors • are considered and (2) the model estimates of mean, variance, and lagged autocorrelation at aggregation levels not included in i' and f(v) are well-represented by the models. Therefore we can say that the rainfall process characterized by the statistics of Table 1 has a temporal structure consistent with a Neyman-Scott point process and that the suggested parameter estimation scheme is robust. Once the parameters are estimated, the statistics for every aggregation level in the stochastic process are constrained to the value derived from the analytical relations in (1)-(3) and (7)-(9).
Note that a is always more than 2, meaning that the model is not self-similar. The aggregated data from 1 to 24 hours do As previously noted, the original Neyman-Scott rectangu-192 lar pulses model grossly overestimates the proportion of dry periods to the length of the series, especially for periods of aggregation ranging from several hours to a few days (RCI, 1987) . This can be seen in the upper portion of Table 7 Table 8 where the fixed r/ model refers to the set a of parameters specified in Table 4 [Maddox, 1980] . This is frequently the case where rainfall comes mainly from convective showers whose air lifting due to heating plays a dominant role. In these cases a high percentage of the precipitation is concentrated in the afternoon and evening hours and thus one may find a higher autocorrelation in the daily rainfall totals than, say, the 12-hour accumulated rainfall. The models in their present structure can not properly represent this type of behavior, and the insertion of a cyclic structure in the rate of storm arrivals ,• is a logical approach to represent this kind of physical situation.
From 
SUMMARY AND CONCLUSIONS
A modified Neyman-Scott rectangular pulses point process is proposed wherein the cell durations are iid according to an exponential probability distribution with parameter •/ within every storm. The parameter •/is iid between storms according to a gamma probability density function.
A method of moments parameter estimation is followed •vhere a set of highly nonlinear equations is solved by a convenient nonlinear unconstrained optimization in parameter vector v.
Following parameter estimation for both the original and modified rectangular pulses Neyman-Scott models using various mixes of historical statistics to be preserved in the method of moments estimations, long series are synthetically generated. Whereas the original model severely overestimates periods of no rainfall, the modified model preserves the historical probabilities of dry periods up to 8 days in duration and also better preserves the statistical characteristics of the joint distribution for two successive periods.
The internal structure of rainfall events lies hidden in the aggregated statistics but is critical in the establishment of infiltration, runoff, moisture, and energy balance, and other hydrologic and climatologic variates. Stochastic point process models such as the random •/ Neyman-Scott and Bartlett-Lewis rectangular pulses models may hence become valuable tools in the deciphering of constituent components from integrated observations. More research, however, is needed in determining the comparative robustness of the parameter estimates when only large aggregation periods (e.g., 24 and 12 hours) are used in the estimation process. Nevertheless, it is clear that these models accomplish a consistent representation of the rainfall process at a continuum of scales ranging from less than an hour to more than a few days. Moreover, our research in progress shows that when these models are applied to different months of the year and to regions with and without orographic influences, the estimated model parameters reflect the distinguishing climatologic features of the season and the location. • matrix with t as diagonal. •. expectation of c.
•x expectation of x, mm/hour -'.
•, parameter vector. r period of aggregation, hours.
